Purpose The aim of this study was to map the strength distribution of the human patella and correlate it to the subchondral bone plate density obtained by means of computed tomographyosteoabsorptiometry (CT-OAM). Methods Measurements were performed at 34 standardized points on each patella. The mineralization patterns of the subchondral bone plate of 20 patellae were displayed with the help of CT-OAM. False-coloured distribution patterns for our measurements were generated. The mechanical strength was determined at the same points by indentation testing. Results We showed that neither the density nor the mechanical strength is distributed homogeneously but exhibited regular, reproducible distribution patterns which mirror long-term stress distribution in articular surfaces. A direct correlation was found between both parameters in the subchondral bone plate.
Introduction
The patellofemoral joint (PFJ) consists of the articulation surfaces of the patella and the distal, anterior femur, as well as the surrounding soft tissue structures. Complaints in this anterior compartment of the knee are reported to have a one-year prevalence of 20-25 % with an increased proportion among athletes [1, 2] . Reasons for this socalled patellofemoral pain syndrome (PFPS) are abnormal tracking of the patella or increased pressure on the patellofemoral joint surfaces, generated by a malalignment of the lower extremity, patellar malalignment, or muscle imbalance [3, 4] .
Patients usually describe the pain as highly disabling with a huge impact on work and daily life routine. With the increase in sports activities in today's lifestyle, it is likely the number of incidents will rise. PFPS treatment covers a wide variety of surgical procedures like tibial tuberosity transfer, lateral retinacular release, trocheoplasty or sagittal osteotomy of the patella after Morscher. The biomechanical changes in alignment of the quadriceps muscle, the patella and the patellar tendon improves the use of cartilage by enlarging the area of surface contact taking pressure, the nutrition of the cartilage due to a greater contact area of patella and femur and reduces the intramedullary pressure to lower or eliminate pain [5] [6] [7] [8] .
To understand the changes occurring within the bony structures of the joint, which is initiated by realignment procedures, one has to understand the biomechanics of the knee joint and the functional architecture of the patella. Due to the external rotation of the tibial tuberosity in maximal extension of the knee, the Q-angle is maximized and the lateral facet of the patella has the most contact area with the femur condyle. The medial facet comes into contact with the femur from 20°flexion. Throughout the flexion towards 90°t he contact area is shaped like a narrow band, crossing the articulation surface horizontally. Flexion towards 135°s hows a change in contact pressure. Here, the medial facet lies free and only the proximal part of the lateral facet as well as the odd facet engage the femur [7, 9] . During knee flexion, the lateral surface has greater contact area than the medial one, suggesting a higher load bearing capacity for the lateral surface [10] .
Since it is well established that the mechanical stimuli received over a long period of time adapt the passive locomotor system and remodel it for optimal distribution of the forces transmitted through it, the anatomy of the articulation surface of the two patella would be expected to be highly variable [11, 12] . Previous data showed differences in cartilage thickness, thickness of the subchondral bone plate, and in density distribution of the subchondral bone plate throughout the joint surface [13, 14] .
The uncalcified cartilage covering the patellar articulation surface has a maximum thickness of up to 5 mm in the middle of the lateral facet. The cartilage shows a wider distribution of this thickness in the medial to lateral direction than proximal to distal. From this centre it decreases concentrically to the periphery. The thickness of the underlying subchondral bone plate also follows a regular distribution pattern, having its maximum thickness on the lateral facet, with a general range from 100 μm to 1000 μm, sometimes even exceeding 2000 μm, and falling off towards the periphery [14] .
Concerning the distribution of the density within the subchondral bone plate of an articular surface, the noninvasive technique of computed tomography osteoabsorptiometry (CT-OAM) provides information on differences in relative distribution [15] . Unlike usual methods of CT densitometry, which allow measurements of absolute values for bone density in large areas, here the relative distribution is demonstrated over the whole joint surface in a false-colour diagram [16] . Using this method, Eckstein et al. [13] described the maximum density of the subchondral bone plate of the human patella to be constantly localized on the lateral surface, which also supports the previous results on patellar architecture.
All these findings describe regular and reproducible distribution patterns of structural properties in the human patella, which can be seen as an adaption of the locomotor system to long-term stress of the articulation surface [11] [12] [13] 15] . In order to provide information about the mechanical properties of the subchondral bone plate in relation to its density, we topographically map the mechanical strength of the subchondral bone plate of the patella and correlate our findings with the density distribution. Knowing the maximal contact area, thickness of the subchondral bone plate and density to be mainly on the lateral facet, we expect the maximal mechanical strength to be on the lateral facet as well. We hypothesize that it will highly correlate with its density distribution. If so, CT-OAM will not only show the distribution of density values, but also will give information about the actual strength of the subchondral bone plate. In clinical routine, this information could be used to identify joint parts with a pathological increase of long-term stress intake and to monitor changes in the joint structures after surgical procedures.
Material and methods

Preparations
This study included ten pairs of frozen human patellae, which were obtained from the Department of Pathology (University of Basel, Switzerland), obtained from ten body donors (five male, five female; aged 61-92, average 81 years).
CT-scans (Siemens Somatom Sensation 64 CT Scanner, 1 mm slice-thickness) of each sample were performed in cooperation with the Department of Radiology (Kantonsspital Bruderholz, Basel, Switzerland).
Photographic documentation of the samples was done separately for the lateral and medial facet. Due to the tilt of these two surfaces, we documented both sides in horizontal view and fused the images into one whole picture. With respect to the average size of the patella, the oval shape and the minimum distance of the indentation measuring points needed to ensure the subchondral bone plate did not break. Therefore, we developed a 34-point coordinate system for CT-OAM and indentation testing. The measuring grid was size-independent and projected digitally on the fused image of every sample (Fig. 1) .
Density distribution patterns generated by CT-OAM For the following CT-OAM analysis, we loaded the CT datasets into ANALYSE 8.1 (Biomedical Imaging Resource, Mayo Foundation, Rochester, USA) for visualization and measurement [17] . Using this program, we produced a 3D reconstruction of each patella in two different views. In the first reconstruction, we horizontally showed the lateral facet and in a second one the medial facet. In the end, we fused both datasets into a combined volume. In a second step, we isolated the subchondral bone plate of the patellae manually in every CT-image for a "maximum intensity projection". This way, for every single image point, the maximum density value of the underlying bone plate is projected onto the top surface. By classifying the Houndsfield units (HU) into steps of 100 HU and assigning them to false colours, we displayed the density distribution of the subchondral bone plate of the human patella in a diagram. To determine exact localization of the density values to be measured, we superimposed the coordinate system onto the density pattern of the 3D reconstructed patella (Fig. 2) .
Indentation testing
Ligamental and soft tissue structures attached to the patellae were removed. The cartilage, covering the subchondral bone plate, was also manually removed. For attachment to the indentation machine we cemented the patellae in poly(methylmetacrylate) (PMMA). It was possible to rotate them using a ball-bearing to position the test point perpendicular to the indentation needle. Afterwards, we identified the measuring points regarding the digital coordinate system on the 3D reconstructions of the patellae. To determine the mechanical strength by indentation, an indentation test machine (Synergie 100, MTS Systems, 2 kN loadcell) was used. A steel needle Fig. 1 -4) (ø01.3 mm) created a standardized hole of 7 mm (1 mm/sec) at every measuring point. The penetration forces of all 34 identified points for each patella was plotted against time by the computer and tabulated. The maximum strength needed during indention testing for every measuring point of the patella was identified and recorded. Visualization of the force distribution was done in a standardized grid system.
Density-strength correlation
To compare the density values and the mechanical strength values, we measured the density (HU) for every corresponding indentation measuring point on the CTOAM distribution chart. We scaled the dataset to 8-bit and determined the value according to the 34 measuring points of our coordinate system with the help of ANALYSE 8.1. The recorded data was visualized in standardized grid system according to indentation data.
The recorded data of mechanical strength and subchondral density was examined by linear regression (Fig. 3) .
The Pearson product-moment correlation was determined for all measured samples. Using a two-tailed t-test, we statistically analysed the significance of the correlation (P<0.01).
Results
Density of the subchondral bone plate
Our results revealed that the density of the subchondral bone plate of the human patella is not distributed homogeneously.
The maximum values of 19 samples were consistently found on the lateral facet with only one sample where the highest density values were situated on the medial facet. Originating at the localization of the highest density, values showed to fall off towards the periphery (Fig. 4a, b , e, and f). The density maxima showed an interindividual range between 163 HU and 199 HU.
Mechanical strength of the subchondral bone plate
The mechanical strength distribution of the subchondral bone plate tested by indentation revealed similar distribution patterns as CT-OAM did. Again, strength maxima were located in 19 samples on the lateral facet, once on the medial facet, falling off to the periphery. Interindividual differences in mechanical strength have been seen; the minimum force needed to penetrate the subchondral bone plate was shown to be below 30 N in the periphery, reaching 1034 N in areas with highest density (Fig. 4c and g ).
Mineralization-strength correlation
Visual comparison of the density distribution patterns and the distribution of penetration force values already showed strong similarities. In every sample, the patterns of density distribution and the mechanical strength distribution showed that the point of maximum is on the same facet and localization. A direct correlation between the determined density values and the penetration force values of all measuring points was found for every sample (Fig. 4d and h ). The coefficient of correlation (r 2 ) ranged from 0.89 to 0.97 (mean 0.92) and was statistically significant (p < 0.01) ( Table 1) .
Discussion
The generated density distribution charts localized the maximum in density of the subchondral bone plate of the human patella mainly on the lateral facet, decreasing concentrically. This result was expected and matches previous studies that show similar distribution patterns with the lateral facet bearing the region of maximum bone density [13, 18] . The one exception in our analysis, showing the maximum density to be on the medial facet, is mainly due to a malalignment and unusual pressure distribution as can be seen by the severe cartilage damage on the joint surface. Compared with former reports of pressure transmission through the PFJ, the localization of the density maxima appears to be where the maximum area of contact and generated pressure is situated. The reason for that is the tension of the quadriceps muscle, which increases considerably in knee flexion [19, 20] . Considering the subchondral bone to be a dynamic component that transmits forces through a joint and adapts to its mechanical need, the known theories of stress distribution through the PFJ are in strong agreement with the density distribution patterns. Areas of long-term high load transmission increase the density of the subchondral bone plate by osteoblastic calcium deposition and the density distribution finds its maximum here [21, 22] .
For mechanical properties such as the strength of the subchondral bone plate in correlation to the density distribution, recent studies provide data about the inferior tibial facies and the glenoid cavity. Here, a direct correlation between these two parameters can be seen [13, 23, 24] . These authors imply clinical use of density distribution patterns generated with CT-OAM to determine subchondral bone quality for optimal screwing positions in orthopaedic endoprotheses. Our results on the subchondral bone plate of the human patella also state a high correlation between the density and the mechanical strength. The correlation clearly states that the density distribution patterns of human patellae generated by the means of CT-OAM also describe its mechanical strength. Apparently, we can see the density distribution throughout the subchondral bone plate of a joint as a parameter of long-term load intake which results in osteoblastic calcium deposition and leads to a correlating increase in strength.
Changes in the loading history of a joint could therefore be visualized and monitored in vivo with CT-OAM. If, in surgical procedures, the loading of the PFJ is changed in order to treat PFPS, the effect of the procedure on the PFJ and the changes occurring in the subchondral bone plate could be analysed in vivo to monitor the outcome and to follow-up the result.
Conclusion
Since the subchondral bone plate in a diarthrodial joint is a dynamic component, it adapts to its mechanical needs generated by work, sports or daily routine. Areas exposed to long-term high load transmission increase in density.
The density distribution in the subchondral bone plate of the human patella gives not only information about the mineralization by osteoblastic calcium deposition, but also correlates to its mechanical strength and therefore is a parameter for the long-term load distribution through the articular surfaces of the PFJ.
The correlation of density distribution and mechanical strength makes CT-OAM a useful tool to determine the strength distribution of the subchondral bone plate in vivo as well as analyse and monitor changes over time.
Disorders in shape, size, and the resulting differences in contact area and pressure distributions could be diagnosed -13 (a-d) and S-3 (e-f)] . a, e Density distribution pattern generated by CT-OAM, overlaid by the coordinate system for the location of the 34 defined points for the simultaneous measurements of density and force values. b, f Visual representation of density values at measurement points, HU scaled to 8-bit. c, g Visual representation of penetration force values at measuring points. d, h Distribution of correlation for density values (HU, 8-bit scaled) and penetration force (N) as well as monitored after surgical procedures. The effect of realignment procedures on the PFJ can be assessed in followup studies to visualize the changes in load transmission.
